Abstract-: In order to reduce the levelised cost of energy (LCOE) of the offshore wind farm, many optimization works should be done to reduce the investment and increase the energy production. As one of the main expenses, the electrical system can take up more than 15% of the total investment while cable costs take a large proportion. In order to make a cost-effective wind farm, the cable connection layout should be optimized. This paper proposes a novel way for offshore wind farm cable connection layout design. The LCOE, which concerns three aspects: electrical power losses, power captured by wind turbines (WT) and investment, is selected to set up the objective function. Since all the optimization variables are integers, a heuristic algorithm, integer particle swarm optimization algorithm (IPSO), is adopted to find a near optimal solution. To improve the performance of the IPSO, an adaptive method for parameter control is used to help to find a better solution. Comparisons are made with results obtained by the Norwegian center for offshore wind energy (NORCOWE) reference wind farm and the presented method. From the simulation, it can be noticed that the presented approach can help to find a cable connection scheme which can reduce the LCOE by 1.75%. 
NOMENCLATURE

Ct
sectional area of cable i N the total quantity of cables that connect wind turbines in a wind farm Ptol,t [MW] total power production during interval t Ptol,loss,t [MW] total power losses during interval t TE duration interval for energy yields calculation Tt [h] duration when the wind farm generating power of Ptol,t Etol,av [MWh] mean energy yields in one year t [hour] energy With the increasing capacity of offshore wind farms, more and more expensive cables are required to transmit the power generated by each wind turbine (WT) to an onshore substation. On the other side, the technology development in wind power field makes the costs of WTs and foundations cheaper than before which makes the percentage of electrical system investment can reach up to 30% of overall investment [1] . Hence, the importance of optimizing cable connection scheme is becoming more and more prominent in reducing the LCOE of the wind farm.
The offshore wind farm electrical system optimization research can be categorized into two sorts: discrete optimization problem including combinatory optimization of electrical components, voltage level selection, number of offshore substations (OS) determination as well as cable connection layout design while the other sort is the OS location optimization which is a continuous optimization problem. A combinatory optimization of the offshore wind farm electrical system was presented using a genetic algorithm (GA) in [2] with the objective of minimizing overall cost. Similarly, different electrical system topology concerning voltage level, electrical equipment selection and internal cable network design were compared in [3] considering power losses, the reliability of the system and total investment within the objective function. [2] [3] contributed to the electrical system of the offshore wind farm by reducing overall investment. However, it can be noticed that the internal cable connection pattern is simply selected from a database, which contains several industrial designs. As one of the main expenses of the electrical system, the cost of cables can be further reduced if the cable connection scheme can be designed optimally. In [4] , the collection system (CS) cable connection layout of was optimized using a cluster-based algorithm. Based on the graph theory, the similarity of cable connection layout and minimum spanning tree (MST) formulation was compared in [1] [6] . Through greedy algorithm [5] , the CS cable connection layout with the minimal cost was found in [1] [6] . In addition to that, GA is also widely adopted in optimizing the internal cable connection scheme for offshore wind farm [7] [8] . In [7] , the CS layout was optimized with multi-objectives: minimizing total cable length, capital investment or power losses. Compared with the scheme found by Prim's algorithm, the proposed method show [7] it's superior in finding a better solution which benefits the objective function. In [8] , a larger capacity offshore wind farm with four OS was selected as the case study. The GA was introduced and integrated with the traveling salesman problem (TSP) algorithm [8] to optimize the cable connection schemes in each sub-region associated with one OS. To minimize the expense of submarine cables, [9] proposed an improved GA algorithm which combines immune algorithm to help get an optimized cable connection scheme.
The location of OS plays an important role in internal cable connection pattern design [12] . From the conclusion of [12] , it is more economical to build up the OS in the center of an offshore wind farm. Compared with the engineering work [12] , an optimization method is introduced in [13] to decide the OS location from several available positions. From [12] [13] , it can be known that the OS location and the cable connection scheme are two dominant factors in internal cable system scheme design which are interrelated and should be considered in the optimization of the electrical system of offshore wind farm simultaneously.
Besides investment, energy production, which can really generate benefits, is another point that should be considered when designing an offshore wind farm. However, in [5] to [13] , the cable connection layout was optimized only by minimizing the total cable cost without considering the power losses. Though power losses were considered in [3] and [4] , the wake effect is not included. In previous work [14] , a method to calculate the energy yields regarding various wind velocity and direction has already been proposed which is the basis of wake losses estimation in this paper. The main contributions are as follows: 1) The cable connection layout without crossings is ensured based on the sign of cross product, which is a new contribution. 2) For a given wind farm micro-siting, the location of OS, the cable routes and type have been optimized simultaneously. 3) LCOE is used to evaluate the performance of each cable connection scheme which concerns both energy yields and investment. The proposed method is implemented in the Norwegian Centre for Offshore Wind Energy (NORCOWE) reference wind farm and the results show that 1.75% LCOE reduction can be realized. This paper is organized into the following. The mathematical models are introduced in section II at first while section III specified the objective function. The proposed optimization procedure is given in section IV. Section V is the case study where the NOCOWE reference offshore wind farm (NRWF) is selected as the benchmark. Section VI summarizes the dominating conclusions.
II. MATHEMATICAL MODELS
A. Wake Model
Presently, Jensen model is widely used to describe the attribute of wind when it encounters the WT blades quantitatively [15] . Based on the momentum conservation, the wake is assumed to be expanded linearly in this model. Then the wind speed in the wake can be expressed as follow [16] .
The decay constant, kd, is the slope rate of wake expansion. For the offshore environment, the suggested value is 0.04 [22] . As described in [15] , the wake can be regarded to be expanded linearly and the wake losses estimation of the whole wind farm is based on the 'sum of square' method [16] . Based on the finding in [17] , Jensen model shows less prediction error for wake losses estimation. Besides, the Jensen model is widely used in wind farm layout optimization [14] , [18] - [21] due to its simplicity in the calculation which results in less computational time as mentioned in [14] [19] [22] .
The energy production of downwind WT could be influenced by the wakes generated by the upwind WTs. Considering the wind velocity and direction's impacts, the energy production program will involve lots of superposition and judgment procedure which makes the calculation process more complex. In [14] , an efficient method of wake losses estimation has already been proposed. Based on that, the wind velocity of the WT at n th row, m th column can be written as:
B. Loss Calculation
The power extracted from each WT is calculated by assuming a maximum power point tracking (MPPT) control strategy [23] which is the same model that we used in [14] . The wind speed arrived at the downwind WT was calculated using (2), the power production of this WT will be calculated by interpolating the Cp v.s. wind speed lookup table in [24] . Finally, the overall power production can be summarized in the following:
It is assumed that the operating voltages for all cables are one per unit and then the power losses of cables can be written as:
res, res, res,
The overall power losses of cables are the summation of each cable loss which can be expressed in the following.
Combining (3) to (6), the energy production reached the onshore substation is expressed in the following:
.
C. Cost Model
In this work, the cost model proposed in [25] is adopted. Then the cost of each cable can be expressed as: The cable's sectional area is decided under the limitation of cable current carrying density. Usually, the sectional area changes from the further WT to the closer one. The further the WT locates, the smaller the cable sectional area is. The maximum current that each cable would undertake will be decided by the selected voltage level as well as the number of WTs that connected after it. Once the maximum current is calculated, the sectional area will be decided according to its current carrying ability which can be found as a lookup table in [38] .
III. METHODS FOR CABLE CONNECTION LAYOUT DESIGN
In this section, the line segments judgment method which is used to ensure the cable connection layout without crossings is introduced at first. After that, a heuristic algorithm, integer particle swarm optimization (IPSO) which is widely used to solve non-linear problems is specified.
A. Spanning Tree
In graph theory, the concept of a tree is a connected graph with no circuit while the spanning tree is regarded as a tree which connects all vertices [26] . For the offshore wind farm case, a configuration without crossings is desirable since lower investment can be realized. Hence, the cable connection layout problem can be described mathematically as finding a spanning tree layout without crossings for an offshore wind farm with minimum LCOE.
B. The judgment of Line Segments Intersection
The classic method to determine whether two line segments intersect is to check whether each segment straddles the line containing the other or not [27] . The realization of this line segment judgment method is based on the concept of the cross product. The general idea can be explained using a simple example as illustrated in Fig. 1 Assume there are two line segments P1P2 and Q1Q2 which are required to be judged. The red dots in Fig. 2 show the endpoints of these line segments. To determine whether each segment straddles the other, in other words, whether they are intersected, the cross product can be used as is shown with a simple example as Fig. 2 (a) to (c). Based on the theory mentioned above, the intersection judgment of two line segments can be determined as follow:
where × is the symbol of the cross product.
Simply speaking, if the two endpoints of one line segment are not on the same side of the other line segment, then the two lines are intersected as shown in Fig. 1 (d) . The cable connection layout without crossings obtained in this paper is based on this method.
C. IPSO
Stochastic optimization method, for instance, GA and PSO show good performance in solving a non-convex problem [28] .
Initially, GA is proposed for solving integer optimization problems while PSO aims at solving discrete optimization problems. In order to increase the adaptation of these algorithms, some modified versions have been proposed which can cope with integer or mixed-integer optimization problems. In this work, the IPSO is chosen to solve the problem since it requires less computation time compared with GA [29] . The mathematical expression is as follows:
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. In PSO, inertia weight, w, is a control parameter which can provide a balance between global and local explorations. In order to reduce the sensitivity of the final solution to inertia weight, an adaptive parameter control strategy is selected in this work. The detailed explanation of adaptive PSO (APSO) is specified in [30] .
IV. MATHEMATICAL FORMULATION OF THE PROBLEM
In this section, the mathematical model of the problem is constructed at first. After that, the optimization is presented and explained in detail.
A. Heuristic Method for Cable Connection Layout Design
In an offshore wind farm, there could be hundreds of WTs. If the WT and OSs are imagined as vertices, then the number of spanning trees of this graph will be huge and it is impossible for a computer to exhaust all the solutions to find the optimal one. In order to solve the above problem, a heuristic method is proposed in this paper. This proposed method is explained with a simple instance which is shown in Fig. 2 . For this heuristic method, the layout is stochastically given at the beginning by stating the branch numbers in every layout formulation process. A simple example is made here to make the layout formulation process understandable. In this example, the final layout as shown in Fig. 2 (e) is given at the beginning stochastically. It is assumed that five vertices (A to E) represented by red stars are to be connected which means 4 decisions (the number of decisions equals the total number of vertices in the graph minus one) have to be made. The number alongside the line shows the order of decision making and the nearest branch to this number is the selected branch in this decision making step. Point A is assumed to be the starting point for the search (in the simulation, the starting point is always the OS). Fig. 2 (a) to (d) illustrated the feasible solutions in each decision making step. It can be seen in Fig. 2 . (a) that the possible branches that can be chosen in this step are illustrated with a black line. For a 5-vertex graph, there are 4*1=4 options at the first step of the spanning tree formulation process; it is assumed that branch AC is selected in this step. (b) shows the possible branches that can be chosen in second decision making the step. Since vertices A and C has already included in the present tree layout, two starting points (A and C) can be selected. Since AC is already in the formulated tree layout, it cannot be regarded as the potential solution anymore. The possible branches that can be selected associated with A and C are illustrated with black and blue lines respectively. It can be seen that there are 3*2=6 options which can be chosen in this step. As illustrated in Fig. 2. (b) , branch AB is selected in this step. After this step, only 2 points (D and E) are left and required to be connected. By following the same procedure, (c) uses black (started from A), blue (started from C) and green lines (started from B) to illustrate all the possible branches that can be selected. (d) shows the last step and there are 1*4=4 options, that is, DA, DC, DE and DB in this case. One thing that should be noticed that line DD (indicated with dotted line) intersects AE which is already in the formulated tree. Hence, if this line is selected, then the penalty function which will be introduced in section IV.C will be applied. When the entire vertex is included in the formulated tree layout, then the layout formulation process completes.
From the above example, it can be concluded as follows: the complete graph on N vertices has (N-1)! spanning trees. Since the number of self-intersecting spanning trees varies with the positions of vertices, it is hard to conclude how many spanning trees of a graph that do not self-intersect there are. Hence, there are two problems that should be solved with the proposed method. One is to reduce the computational cost for the computer (the complexity of this problem is O (n!^2) which means that it is an NP-hard problem [31] ). Even though these intersecting spanning trees can reduce the number of potential solutions, the problem could still be NP-hard), the other is to eliminate every spanning tree with intersecting line segments but these depend on the specific layout and are impractical to enumerate.
B. Objective Function
The target of this work is to minimize the LCOE of the offshore wind farm. As mentioned in [32] , the LCOE includes two aspects: discounted investment and energy yields. In this work, only discounted cable investment is considered. Based on the model presented in section II. C, the overall cable investment can be expressed as follows:
As can be seen from (12), the cable cost is decided by the selected spanning tree (cable connection layout) as introduced in section IV. A and this spanning tree is formulated by the decided optimization variable, xi.
Then the objective function can be expressed as: (14) .
C. Penalty Function
As introduced in section III. B and III. C, the layout formulation problem can be solved using knowledge of computational geometry [33] while PSO algorithm has good performance in solving the unconstrained optimization problem when the problem is NP-hard. However, if the spanning trees with intersecting line segments are merely deleted from the simulation, the particles will not have explicit directions to move in. As a result, there is a high possibility that a local optimal solution will be found by PSO. To tackle this problem, a penalty function is adopted which can be written as follows: 
D. Assumptions and Constraints
Some assumptions and constraints are made in this project which is described in the following.
• The voltage levels for the CS and the transmission system (TS) are assumed to be 66 kV and 220 kV respectively. • Yaw misalignment [34] that is the phenomenon that the rotating speed of yaw cannot follow the speed changing of wind direction; as a result, the nacelle will not be able to face to the wind flowing direction all the time. In this project, the yaw misalignment is not considered when calculating the energy yields of the wind farm.
• To simplify the power losses calculation, all cables are assumed to be operated in 1 p.u. which neglects the voltage regulation constraint. This assumption is made since in one of our previous works [35] we found that the voltage deviation within offshore wind farm is very small (around 1%).
• The impacts of reactive power for power losses are neglected.
• The seabed structure's impact on the cable length is neglected which means that the cable length is calculated by using the geographic distance between the corresponding WTs.
• The reliability related impacts on energy yield are neglected
E. Optimization Framework
In this work, the optimized cable connection scheme is found by the proposed method. The optimization process to reach the optimized scheme by proposed method can be seen in Fig. 3 .
Climatological Information: The time series wind farm should be disposed of statistically before it can be used for energy production calculation for a whole wind farm. Based on the measured wind speed, the wind rose is generated statistically in this work. The detailed information for the wind rose and how to use it for wake losses evaluation is specified in a previous work [14] . The OS location is the searching starting node and the layout is generated following the method described in Section IV.A. In the beginning, the particles' location includes twofold information: one is a series of randomly selected branches at each step as described above, the other is two randomly given OS location sequence numbers from the given available positions. The particles will be delivered to the Fitness Function and be utilized to create the coordinate matrix. Based on the cost model and coordination matrix, the adjacency matrix will be formed. The energy yields of each WT can be calculated based on the coordinate matrix as well as the Climatological Information [36] . The cable connection scheme will be generated in the Layout Formation using the method presented in section IV. A. After that, the scheme will be checked in the penalty function and then the LCOE will be obtained using (16) . The optimized layout with corresponding LCOE value is regarded as the initial particle population and it is also the basis for updating the particle position later.
It should also be noticed that the particles containing the information of the selected branch sequence number at each step as well as the OS location would be renewed and delivered to the Fitness Function one by one. By obeying the same process as in the first calculation, the obtained cable connection scheme with homologous LCOE will be transferred to the Fitness Evaluation for comparison. The optimization process can also terminate when a maximum number of iterations is reached. At last, a series of branch sequence numbers and the selected locations for OSs which is with the lowest LCOE will be chosen. The optimized layout is formulated according to the selected branch number in each step during the layout formulation process.
V. Case Study
The NEWF is introduced at first. Then the simulation results and discussion will be given. The WT locations are fixed and the optimization is done by choosing the best location to install offshore substation and the corresponding cable connection layout. Several trials have been done in IPSO and the best solution among all trials will be selected as the final result.
A. NRWF
The NRWF [37] is assumed to be located 80km west of the German island of Sylt. The installed capacity of the wind farm is 800MW. The geographical distance between OS and onshore substation is 80km. The illustration of WT positions is shown in Fig. 4 . In Fig. 4 , the red stars represent the WTs and the number alongside each WT is the sequence number. There are 82 positions in total which can be used to install WT or establish OS. In the NRWF layout, the OS locations have been selected and the cable connection layout is shown in Fig. 5 . Table 1 . The number of cables between some pairs of WTs is illustrated with different types of lines. The current ratings for different types of cables are listed in Table 2 [38] . The NRWF is composed of 80, 10 MW DTU WT. The detailed specification of this WT is concluded in Table 3 . The time series wind speed is drawn as a wind rose which is illustrated in Fig. 6 . 
B. Scenario I: Optimized Scheme with Given OS Positions
In this scenario, the cable connection scheme is optimized by assuming that No. 46 and 49 are the OSs which transmits power to the onshore substation. The optimized layout using the proposed method is shown in Fig. 7 . (A)  95  300  400  590  300  530  120  340  500  655  400  590  150  375  630  715  500  655  185  420  800  775  630  715  240  480  1000  825  800  775  300 530 1000 825
C. Scenario II: Optimized Cable Connection Scheme and OS Positions
In this scenario, the positions of the OSs are optimized together with the cable connection scheme. The two OS positions should be selected from the predefined 82 positions and the other positions will be used to install WTs. The cable details regarding voltage level as well as a sectional area for transmission lines are the same as in the NRWF. The optimized cable connection layout using IPSO is shown in Fig. 8 . Table 4 concludes the economic information of three different cable connection schemes including scenario I, II and the NRWF layout.
D. Results and discussion
As listed in Table 4 , the cost of connecting cables means the cable used to connect OSs. The optimized layouts in the scenario I and II can reduce the LCOE by 1.02% and 1.75% respectively compared with the NRWF layout. By taking the OS locations into the optimization, the optimized layout in scenario II can further reduce the LCOE by 0.74% compared with scenario I. The best layout in this simulation is scenario II, which can reduce the energy losses and cable cost by 0.53% and 1.73% respectively compared with the NRWF layout while the energy reached PCC can be increased only by 0.02%.
Hence, the dominant factor in the reduction of LCOE is the cable cost. It should also be noticed that the achieved reduction in the simulation only concerns the expenses on the cables. If more costs such as WT investment, installation and O&M costs, etc are taken into account, then realized results should be even smaller. However, considering the high price of submarine cables, only a small percentage of reduction will introduce a large amount of investment savings.
VI. Conclusion
To lower the LCOE of the offshore wind farm, the cable connection scheme is expected to be carefully designed. In this paper, the proposed algorithm can guarantee a cable connection scheme without crossings which is desirable for offshore wind farm planning. The simultaneous optimization of cable connection scheme, cable section area, and OS positions contributes to an optimized cable connection layout which represents the best tradeoff between the required investment and power transmitted to an onshore substation. The LCOE index which is commonly used in wind farm micro-siting optimization is adopted in this paper to give a comprehensive analysis of the cable connection scheme performance. Simulation results reveal that the designed layout using proposed method outperformed than the NRWF layout in reducing LCOE by 1.75%. It demonstrates the effectiveness of the proposed method for cable connection layout design. 
